Aging is an important biological process that affects all creatures. For humans, age-related diseases and the question of why we age and die also have tremendous social and philosophica l impact. We can therefore expect that models to study mechanisms of the aging process will always attract much interest. Until recently, the mutant model approach to study molecular mechanisms of aging has been limited to lower animals such as yeast, worms, and ies. However, given the current power of genetic technology in mammals, we can expect that phenotype s of prolonged life span will increasingly be seen in mice and subject to evaluation by pathologists. A brief review of current models is presented.
INTRODUCTION
The scienti c use of genetically altered animals has become commonplace since the technology for their creation emerged 20 years ago. Because the usual objective of studies with these animals is to induce any one of a wide array of pathologic phenotypes that are intended to mimic a human disease, experimental gene alterations are typically detrimental to the health of the surrogate animal. Gene manipulations that result in bene cial effects to the test species are a much less common goal. In recent years, the power of genetic engineering has become more focused on identifying the protective effects of various mutations against the most ubiquitous of all pathologic conditions, namely aging and death.
Evolution and Biology of Aging
Notwithstanding the tremendous social and emotional issues it evokes, aging is also an important biological process that has increasingly come under scienti c study after a long period of time in which it was felt to be too complex a process to be amenable to analysis. Aging, or senescence, is de ned as the progressive decline of homeostasis that occurs after the reproductive phase of life is complete, leading to an increasing risk of disease or death (6, 9, 13, 14, 31) . From an evolutionary standpoint, there are various hypotheses concerning why we age and die. One theory proposes that senescence is a passive by-product of evolution, a consequence of strong natural selection for genes providing early life bene ts and reproductive tness but which comes at the ultimate cost of cell deterioration in later life (pleiotropy). The "disposable soma" hypothesis argues that aging is the result of a lifelong accumulation of random damage to macromolecules that eventually exceeds the organism's maintenance and repair capabilities. This theory would predict that stress response mechanisms play a key role as determinants of longevity. It would also predict that senescence is not a genetically programmed, orderly process like development, but rather a stochastic one. With the exception of some rather clear examples of programmed aging in certain species that die shortly after reproduction (eg, salmonids), manifestations of aging and death in higher species with prolonged postreproductive life spans are more consistent with pleiotropic genes and/or macromolecular damage causing aging in an accidental, unorganized manner (31) . As such, aging may not be genetically regulated, but to a large degree is genetically determined and therefore amenable to genetic manipulation.
Free-Radical Theory of Aging
Perhaps the best example of the evolutionary "trade-off" between early life bene t and later life detriment is the "oxygen paradox," or the fact that the main source of energy among all eukaryotes-oxidative metabolism of glucoseis known to be associated with the formation of harmful reactive oxygen species and aberrant proteins (14) . In other words, although necessary for immediate survival, aerobic metabolic capacity may be hazardous to long-term existence (25) . This fact is supported by the diverse array of protective genes and mechanisms that has evolved in tandem with the aerobic lifestyle across phylogenetic boundaries. It is therefore not surprising that the oxidative damage theory is currently one of the most popular proposed mechanisms of aging. Several lines of support for this hypothesis have been offered. Firstly, longevity in different species inversely correlates with rates of reactive oxygen species generation. Secondly, transgenic overexpression of antioxidative enzymes in some models extends the maximum life span (see later). Thirdly, caloric restriction (CR) lowers oxidative stress and damage and increases survival. The latter experimental manipulation is particularly noteworthy because the ef cacy of CR to produce a robust and unambiguous extension of life span in mammals has now been well documented (15, 17, 25) . MAHLER TOXICOLOGIC PATHOLOGY
Genes and Aging
As stated previously, the aging process is generally not considered to be genetically programmed but to a large extent is genetically determined. Several observations clearly illustrate the genetic basis of aging. Life span is a speciesspeci c characteristic that implicates species-speci c genes in uencing a basic aging rate and longevity (23) . Organismal aging in vivo is related to cellular replicative senescence in vitro, which is characterized by the exhaustion of a cell's division potential after a limited number of population doublings (24) . Numerous changes in gene expression occur as cells become senescent. Telomeres appear to be a major trigger of replicative senescence, shortening with each cell division (24, 30) . The alternative to cellular replicative senescence is immortalization (cancer), and studies have demonstrated that the replicative senescent phenotype is dominant in fusions between normal and immortal cells, strongly suggesting a genetic basis for aging and indicating that immortality results from recessive effects in senescence-related genes (25) .
Dramatic evidence for the genetic basis of aging has come from single gene mutation models in which a phenotype of increased life span has been observed. Taking advantage of their short life cycles and accomodating genetics, lower species such as the budding yeast Saccharomyces cerevisiae, the nematode Caenorhabditis elegans, and the y Drosophila melanogaster have provided the bulk of experimental evidence regarding gene mutations and longevity. In mammals, there is abundant data concerning the association between life span and caloric restriction, but only recently have agerelated mutations been examined in laboratory rodents.
Findings in S. cerevisiae
Aging in yeast is usually measured by the number of divisions that individual cells complete before they die. At least 17 longevity genes have been identi ed to play a role in determining replicative life span (7). These genes have been found to participate in 4 broad physiologic processes: metabolic control, stress resistance, gene regulation, and gene stability. Much attention has been given to the RAS2 gene, which appears to function in multiple processes playing an integrative role. Studies in S. cerevisiae have also contributed to knowledge of how changes in the structure and function of chromatin, and hence transcriptional activity and silencing, can impact on longevity. Loosening of the chromatin structure occurs with age, and this effect can be reversed by manipulations of various genes, including the histone acetylase genes such as SIR4, presumably returning the chromatin to a "young" state with an associated increase in life span (6, 7, 8) . Recently, life extension of yeast cells induced by caloric restriction was found to require the SIR2 gene (11), providing links to similar life-extending pathways in other species (see later).
Findings in C. elegans
A number of life-prolongation mutants in the nematode C. elegans have been reported, extending life span from 40% to more than 100% (14, 19) . In addition to prolonged life, these mutants also concurrently exhibit high resistance to environmental stresses such as heat, oxygen radicals, and ultraviolet (UV) radiation exposure. UV resistance has proved to be an excellent predictor of life span in this species. The genes involved include age-1 and several daf genes responsible for resistant larva (dauer) formation. Central to the dauer formation pathway is daf-2, a member of the insulin family of cell surface receptors. It is noteworthy that overexpression of the C. elegans gene most homologous to the yeast SIR2 gene mentioned previously confers a life span that is extended by 50%, and that the protein product of this gene acts in the daf-2 pathway (29) . Also, a mutant Drosophila insulin receptor that is related to daf-2 likewise exhibits prolonged life span (see later). These ndings provide evidence of common mechanisms of aging and life span control across species (26) . Particularly intriguing is the similarity between starvation-induced dauer formation via the daf-2 insulin-like signaling pathway in C. elegans and the increased longevity due to caloric restriction with associated effects on insulinlike growth factor (IGF)-1 in mammals.
Findings in D. melanogaster
There is considerable evidence for involvement of antioxidant activity in the longer-lived strains of this species (14) . Some exhibit enhanced resistance to the oxygen radical producer paraquat as well as greater levels of mRNA for the anti-oxidant enzymes catalase and superoxide dismutase (SOD). A direct causal link between reactive oxygen species and life span has come from studies of transgenic ies that overexpress both catalase and SOD and that have a 30% increase in mean and maximum life span (20) , thus providing strong support for the free radical hypothesis of aging. Other possible pathways for delayed senescence are suggested by more recent Drosophila mutants. The methuselah mutant line (mth) displays a 35% increase in life span and increased resistance to various forms of stress. The predicted protein of this gene shows homology to the G protein-coupled receptor family that performs an array of diverse biologic functions (12) . Five mutations in the Indy gene (acronym for "I'm not dead yet") resulted in large extensions of life span (22) . Of particular relevance from the standpoint of caloric restriction and its association with increased life span, the Indy gene encodes for a protein related to a transporter molecule for Krebs cycle metabolites, suggesting that mutants have altered intermediary metabolism, which may create a metabolic state that mimics caloric restriction. The Drosophila gene InR is homologous to mammalian insulin receptors as well as to daf-2 in C. elegans as described before. Some InR mutations produce dwarf adults with up to an 85% extension of adult longevity (28) . A dwarf, long-lived phenotype in D. melanogaster can also be generated by mutation of the insulin receptor substrate homolog chico (2) . These phenotypes invoke comparisons to certain pituitary and insulin pathway mouse mutants (see below).
Findings in Mice
The genetic aspects of aging in higher animals can be more elusive than in lower species. Life span is longer, allowing for greater chance of extrinsic causative factors. Speci c pathologic diseases are recognized, and distinctions must be made between those that are age-dependent, age-independent, agerelated, or intercurrent (31) . In laboratory rodents such as mice, the restricted gene pool of inbred strains often predisposes to high incidences of characteristic strain-speci c deleterious phenotypes. Speci c diseases such as cancer and chronic renal disease are common spontaneous causes of death, and it is these diseases and not primary senescence per se that may account for most of the life span limitation in this species (14) . Distinctions then become necessary between gene manipulations that may alter the occurrence of these speci c diseases and thereby secondarily extend life span, and those that are affecting the aging process directly. A challenge for the future when using rodent models will be to de ne criteria for biomarkers of primary aging.
In mammals, the most important model for longevity enhancement so far is caloric restriction (CR). Possible mechanisms for the anti-aging action of CR have been proposed, with particular emphasis on its possible role in the attenuation of oxidative damage accumulation or in alteration of cellular fuel utilization (15, 17, 25) . Regarding the latter, CR is known to reduce IGF-1 levels (21) and this provides possible links between the prolonged life span in some spontaneous or engineered mutant mice and long-lived insulin and insulin receptor mutants in C. elegans and Drosophila. The growth hormone (GH)-de cient Ames dwarf mouse lives longer than normal animals; IGF-1 is the mediator of GH action on growth and the levels of IGF-1 are markedly reduced in Ames mice (1) . Similarly, prolonged life span is reported in mice with disrupted genes for the GH receptor (3), also associated with signi cantly lowered IGF-1 levels in these mice. It is of interest that dauer formation in C. elegans as well as either CR or dwar sm in mammals results in a phenotype of not only extended life span but also reduced fertility, consistent with the antagonistic pleiotropy theory of the evolution of senescence discussed previously.
Other genetically engineered models to test various aging hypotheses have not been as extensively explored in mice as in lower animals. Gene disruption of the p66 shc gene in mice results in a 30% increase in life span as well as enhanced resistance to UV light and reactive oxygen species generated by paraquat (18) . To further examine the role of oxidative stress on aging, one approach would be to create transgenic mice overexpressing oxygen radical scavengers such as SOD, similar to the life-extending manipulation performed in Drosophila. Transgenic SOD mice have been generated, and both protective and deleterious phenotypes have been reported (5, 16), but there has been no focus on extended life span. The bcl-2 gene family mediates cell death, and overexpression of bcl-2 in neurons of transgenic mice protects these cells from death (4); however the effect of generalized overexpression on overall survival has not been examined.
Progeric Phenotypes
An alternative approach to study genetic mechanisms of aging is to examine mutations that do not extend life span but rather cause premature aging. One caution about this approach, however, is that there are many life-shortening phenotypes that model speci c age-related diseases such as cancer and Alzheimer's disease but which may not be speci c to the aging process per se. Models of distinct premature aging syndromes in humans such as Werner's syndrome are more desirable, and in this regard there are 2 noteworthy examples of mutated mice with apparent phenotypes of accelerated senescence. Senescence-accelerated mice (SAM) exhibit aging phenotypes such as degenerative joint disease, osteoporosis, brain atrophy, amyloidosis, and cataracts (27) . An extremely shortened life span and several age-related disorders are also seen in mice with an insertional mutation of the klotho gene (10) .
CONCLUSIONS
Senescence is a complex outcome of both intrinsic and environmental factors. It is clear that there is a genetic component that in uences aging and longevity. Thus far, candidate genes found to contribute to senescence are those participating in cell maintenance and repair, stress response, metabolic function, and replication. Especially noteworthy have been those genes that are evolutionarily conserved with roles in insulin/IGF signaling or oxidative stress control. However, the exact degree to which genetic change is the driving force behind the aging process remains to be determined. To that end, mutations that extend life span in animal models will continue to illuminate molecular mechanisms underlying aging and longevity. Understanding the molecular mechanisms of aging may lead to understanding and preventing age-related disease. In this era of the genome, it is not surprising that we continue the search for the "fountain of youth" at the molecular level.
